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Local Application of Strontium in a Calcium
Phosphate Cement System Accelerates
Healing of Soft Tissue Tendon Grafts in
Anterior Cruciate Ligament Reconstruction
Experiment Using a Rabbit Model
Guan-Ming Kuang,* W.P. Yau,yz William W. Lu,z and K.Y. Chiuz [AQ: 1]
Investigation performed at the University of Hong Kong, Hong Kong, China
Background: Healing of soft tissue tendon grafts within the bone tunnel in anterior cruciate ligament (ACL) reconstruction is
known to be slower than that of bone–patellar tendon–bone grafts. There are attempts to accelerate healing of the graft within
the bone tunnel. One of the methods is the use of strontium-enriched calcium phosphate cement (Sr-CPC). Early results in animal
studies have been encouraging, although it is not known whether the accelerated healing was solely caused by the effect of stron-
tium within the cement or by the calcium phosphate cement (CPC) itself.
Hypothesis: There would be differences between Sr-CPC and conventional CPC in terms of the effect on healing of soft tissue
tendon grafts within the bone tunnels in ACL reconstruction.
Study Design: Controlled laboratory study.
Methods: A total of 30 single-bundle ACL reconstruction procedures were performed in 15 rabbits with the use of an Achilles
tendon allograft. The graft on the left limb was coated with Sr-CPC, while that on the right limb was coated with CPC. Three ani-
mals each were sacrificed for histological and histomorphometric analyses at 3, 6, 9, 12, and 24 weeks after surgery.
Results: In the Sr-CPC group, early formation of Sharpey fibers was present at 6 weeks after surgery, while early remodeling of
a graft-fibrocartilage-bone junction was noted at 12 weeks. In the CPC group, early formation of Sharpey fibers was only found at
9 to 12 weeks after surgery. At 24 weeks, a direct enthesis was found in both groups. According to the histomorphometric score,
graft healing in the Sr-CPC group took place 3 weeks faster than that in the CPC group at and before 12 weeks; however, there
was no difference between the groups at 24 weeks.
Conclusion: The local application of strontium in a CPC system leads to accelerated graft healing within the bone tunnels.
Clinical Relevance: The use of Sr-CPC to enhance graft-bone healing may improve the clinical results of ACL reconstruction
using soft tissue tendon grafts.
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Surgery with a soft tissue tendon graft (eg, hamstring
graft) is one of the most common procedures in anterior
cruciate ligament (ACL) reconstruction.2,14,17 The success
rate is typically greater than 90%, and donor site morbid-
ities are significantly less than those of bone–patellar
tendon–bone grafts.3,8,10 However, the long healing time
of soft tissue tendon grafts within the bone tunnels is still
a concern for most surgeons. Animal studies have shown
that the grafted tendon attaches to the bone tunnels by
means of Sharpey fibers starting at approximately 12
weeks after surgery.4,9,24,25 It is a common practice for
functional drills to be started at 3 to 6 months after surgery
and for the patient to be advised to return to play 6 to 9
months after the index operation.6
yAddress correspondence to W.P. Yau, Department of Orthopaedics
and Traumatology, Li KaShing Faculty of Medicine, University of Hong
Kong, [AQ: 2], Hong Kong SAR, China (e-mail: peterwpy@hkucc.hku.hk).
*Shenzhen Key Laboratory for Innovative Technology in Orthopaedic
Trauma, Department of Orthopaedics and Traumatology, Shenzhen Hos-
pital, University of Hong Kong, Shenzhen, China.
zDepartment of Orthopaedics and Traumatology, Li KaShing Faculty
of Medicine, University of Hong Kong, Hong Kong, China.
The authors declared that they have no conflicts of interest in the
authorship and publication of this contribution.
The American Journal of Sports Medicine, Vol. XX, No. X
DOI: 10.1177/0363546514549536
! 2014 The Author(s)
1
In recent years, methods have been reported that
enhance healing of soft tissue tendon grafts within the
bone tunnels in animal models of ACL reconstruc-
tion.9,12,18,22,24-26,28 It has been shown that graft healing
within the bone tunnels can be enhanced by a local appli-
cation of calcium phosphate cement (CPC), which is
a resorbable and osteoconductive biomaterial.9,18,24,25
Recently, it was shown that the osteoconductivity of CPC
can be enhanced by the incorporation of strontium.11,19
In a recent study using strontium-enriched calcium phos-
phate cement (Sr-CPC) in a rabbit model of ACL recon-
struction, it was shown that a coating of the Achilles
tendon allograft with Sr-CPC, with the molar ratio for
Sr/(Sr 1 Ca) being 10%, led to an acceleration of graft heal-
ing within the bone tunnels as compared with the
untreated control group.13 However, it was not known
whether the accelerated healing was solely caused by the
effect of strontium within the cement or by CPC itself. To
answer this question, the previous experiment was
repeated comparing a graft treated with Sr-CPC with
a CPC-treated graft in a rabbit model of ACL reconstruc-
tion. It was hypothesized that there would be differences
between the Sr-CPC group and CPC group in terms of
the effect on healing of soft tissue tendon grafts within
the bone tunnels.
MATERIALS AND METHODS
A total of 30 ACL reconstruction procedures using an
Achilles tendon allograft were performed in fifteen
5-month-old New Zealand White rabbits with a mean
weight of 2.8 kg (range, 2.5-3.0 kg). The graft on the left
limb was coated with Sr-CPC, while that on the right
limb was coated with CPC (Figure 1). The experiment
was conducted with a protocol approved by the Committee
on the Use of Live Animals in Teaching and Research of
our institute.
The Sr-CPC was prepared according to a reported proto-
col (Table 1).13 The powder phase of Sr-CPC consisted of
tetracalcium phosphate (TTCP; Wako), dicalcium phos-
phate anhydrous (DCPA; Alfa Aesar), and strontium
hydrogen phosphate (DSPA; Sigma-Aldrich). The total
molar ratio for Sr/(Sr1 Ca) was 10%. The liquid phase con-
tained 20 percentages by weight (wt%) of citric acid (Wako)
and 12 wt% polyvinylpyrrolidone K-30 (PVP; Wako). The
cement paste was then prepared by mixing the liquid
and powder phases in a ratio of 0.5 mL/g. For CPC, the
powder phase was free of strontium, consisting of an equi-
molar ratio of TTCP and DCPA. The liquid phase and the
liquid/powder ratio of CPC for mixing were the same as
those of Sr-CPC (Table 1).
One-stage sequential bilateral ACL reconstruction was
carried out in rabbits according to a published protocol.13
Arthrotomy was performed, and the native ACL was cut.
Bone tunnels (2 mm in diameter, 10 mm in length) were
prepared in both the femur and tibia at the footprints of
the native ACL. Fresh-frozen rabbit Achilles tendon allog-
rafts with a diameter of 2 mm were used. Both ends of the
tendon graft were precoated with the cement before it was
inserted into the bone tunnels. In addition, the cement was
injected into the bone tunnels from the far cortex exits of
the bone tunnels before transfer of the graft into the
bone tunnels. The graft was inserted using an inside-out
approach to minimize the deposition of cement inside the
joint. Any residual cement in the joint and around the
intra-articular exits of the bone tunnels was removed.
The graft was then fixed on the femur and tibia using
a tied-over-post technique on a 2.7 mm–diameter stainless
steel cortical screw with a washer. Surgery was performed
on the contralateral knee with the graft treated with CPC
alone. Three animals were sacrificed in each group at 3, 6,
9, 12, and 24 weeks after surgery.
Figure 1. Surgical design. The graft on the left limb was
coated with strontium-enriched calcium phosphate cement
(Sr-CPC). The graft on the right limb was coated with con-
ventional calcium phosphate cement (CPC). The area of the
cement coating on the tendon allograft surface is marked
as gray, while the uncoated area of the allograft is marked
as white.
TABLE 1





Powder phase TTCP 1 DCPA
1 DSPA
TTCP 1 DCPA
Liquid phase 20 wt% citric acid
1 12 wt% PVP
20 wt% citric acid
1 12 wt% PVP
Liquid/powder ratio 0.5 mL/g 0.5 mL/g
aCa, calcium; CPC, calcium phosphate cement; DCPA, dical-
cium phosphate anhydrous; DSPA, strontium hydrogen phos-
phate; PVP, polyvinylpyrrolidone K-30; Sr, strontium; Sr-CPC,
strontium-enriched calcium phosphate cement; TTCP, tetracal-
cium phosphate; wt%, percentage by weight.
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The specimens were fixed in neutralized formalin solu-
tion, followed by immersion in 10% formic acid for decalci-
fication. The decalcified specimens were then dehydrated
and embedded in paraffin, followed by sectioning at 6-mm
thickness in an orientation parallel to the long axis of the
bone tunnels. The sections were stained with hematoxylin
and eosin and safranin O.
Histomorphometric analysis was performed by the first
author [AQ: 3] according to a protocol in the published lit-
erature.13,27 The examiner was blinded to the group when
conducting this analysis. Healing of the graft within the
bone tunnel was graded by 3 criteria: new bone formation,
graft binding to the adjacent tissue, and fibrocartilage for-
mation according to a score of 0 to 3 for each criterion and
in total 0 to 9 for a slide. For each histological section, the
whole graft-bone interface was divided into 6 zones, of
which 2 zones represented the proximal one third of the
bone tunnel to the articular surface, the other 2 zones rep-
resented the middle third of the bone tunnel, and the
remaining 2 zones represented the distal one third of the
bone tunnel to the articular surface. Each zone was inde-
pendently analyzed, and the healing score of each zone
was obtained. The mean score of these 6 zones was calcu-
lated to represent the overall score of that histological
section. Seven slides were randomly selected from each
specimen (tibia and femur), resulting in a total of 28
histomorphometric scores for each animal (14 from the
Sr-CPC–treated limb and 14 from the CPC-treated limb). A
nonparametric test (Mann-Whitney U test) was used to cal-
culate the statistical difference between the histomorphomet-
ric score of the Sr-CPC– and CPC-treated limbs at different
time points (SPSS v12.0J for Windows, SPSS Inc). Statistical
significance was assumed if the P value was\.05.
RESULTS
The results of the histomorphometric analysis are shown
in Table 2. A higher score was found in the Sr-CPC group
as compared with the CPC group at 3, 6, 9, and 12 weeks
after surgery (Mann-Whitney U test) (Table 2). It was
observed that graft healing in the Sr-CPC–treated limb
was in general 3 weeks faster than that in the CPC group
at or before 12 weeks after the index operation. No differ-
ence was found in the score between the Sr-CPC and
CPC groups at 24 weeks after surgery (Table 2).
At 3 weeks after surgery, in the CPC group, most parts
of the graft-bone interface were filled with cement (Figure
2A). However, in the Sr-CPC group, the resorption of
Sr-CPC was evident, with the newly formed bone sur-
rounding the residual cement in the graft-bone interface
(Figure 2B).
At 6 weeks, close apposition of new woven bone to the
peripheral portion of the tendon graft was noted in some
parts of the graft-bone interface in the CPC group (Figure
2C). However, for the Sr-CPC group, the cement had
resorbed. The gap between the graft and bone had been
filled by newly formed bone. The formation of fibrous con-
nective tissue resembling Sharpey fibers was also observ-
able in parts of the graft-bone interface of the Sr-CPC
group (Figure 2D).
At 9 weeks, there was evidence of early formation of
Sharpey-like fibers in a few portions of the graft-bone
interface in the CPC group (Figure 2E). On the other
hand, in the Sr-CPC group, Sharpey fibers had formed
throughout most of the graft-bone interface (Figure 2F).
At 12 weeks, in the CPC group, an indirect type of heal-
ing (Sharpey fiber formation) was observable in the graft-
bone interface (Figure 3A and 3C). In the Sr-CPC group,
early remodeling with a graft-fibrocartilage-bone transi-
tion zone was noted (Figure 3B, 3D, and 3E).
At 24 weeks, healing of the tendon graft within the bone
tunnel with the presence of a direct type of enthesis (graft-
fibrocartilage-bone transition) was noted in both the
Sr-CPC and CPC groups (Figure 4).
DISCUSSION
This study showed that Sr-CPC accelerated healing of
Achilles tendon allografts within the bone tunnels in com-
parison with a CPC-treated graft in a rabbit model of ACL
reconstruction at 3, 6, 9, and 12 weeks after the index oper-
ation. At 24 weeks after surgery, graft healing in the
Sr-CPC and CPC groups was comparable, with a direct-
type ligament-bone attachment being observed in both
groups.
The finding of the CPC group in the current study was
comparable with those in the published literature.24,25 In
rabbit models of ACL reconstruction using calcium
phosphate–treated autografts, new bone formation was
observed at the graft-bone interface 6 weeks after surgery.
The formation of Sharpey fibers was observed 12 weeks
after surgery.24,25 In this study, new bone formation was
observed at 6 weeks after surgery in the CPC group; early
formation of Sharpey fibers was observed at 9 weeks in
portions of the graft-bone interface.
In concurrence with a previously published article,13
the current study demonstrated that coating the tendon
graft with Sr-CPC resulted in enhanced new bone forma-
tion at 3 weeks, indirect healing at 6 weeks, and remodel-
ing into a direct-type enthesis at 12 weeks.
It has been reported that strontium showed anabolic
and anticatabolic effects on the skeleton system. In cell
experiments, it was shown that strontium increased the
expression of the osteoblast markers alkaline phosphatase,
TABLE 2
Results of Histomorphometric Analysisa
Sr-CPC Group CPC Group P Valueb
3 wk 1.9 6 0.4 1.2 6 0.4 \.001
6 wk 3.3 6 0.4 2.0 6 0.4 \.001
9 wk 4.6 6 0.3 2.7 6 0.6 \.001
12 wk 6.6 6 0.2 4.1 6 0.6 \.001
24 wk 6.8 6 0.2 6.7 6 0.2 .82
aValues are expressed as mean 6 SD. CPC, calcium phosphate
cement; Sr-CPC, strontium-enriched calcium phosphate cement.
bMann-Whitney U test.
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bone sialoprotein, and osteocalcin as well as bone nodule
numbers in bone marrow stromal cells5,7 and osteoblasts,29
showing an anabolic effect on bone remodeling. On the
other hand, strontium inhibited the expression of carbonic
anhydrase II and vitronectin receptor in stimulated osteo-
clasts, indicating an inhibition of the osteoclast differenti-
ation and a reduction in osteoclast resorbing activity1,5,23
and showing an anticatabolic effect on bone remodeling.
In animal studies, it was shown that strontium exerted
a bone-forming effect on normal and osteoporotic rat tra-
becular bone,20 stimulated new bone formation in an ovari-
ectomized goat model,15 and prevented bone loss by
depressing bone resorption without reducing bone forma-
tion in rats.16 Therefore, the anabolic and anticatabolic
effects of strontium may be some of the reasons leading
to enhanced new bone formation at the graft-bone interface
of the Sr-CPC group at 3 weeks after surgery.
In this study, although earlier formation of Sharpey
fibers was observed at 6 weeks after surgery in the
Sr-CPC group as compared with the CPC group, the exact
mechanism leading to this outcome is still unknown from
the data of the current study. Sharpey fibers are thought
to be formed by the progressive mineralization of collagen
fibers of the ligaments or the periosteum by advancing
bone during growth.21 It is not known whether the earlier
formation of Sharpey fibers observed in the Sr-CPC group
in this study was associated with enhanced new bone for-
mation in the graft-bone interface at an earlier healing
stage or if this outcome was because of a direct effect
exerted by strontium in the CPC system [AQ: 6].
In this study, early remodeling of the graft-fibrocartilage-
bone junction was noted to start at 12 weeks in the far end of
the bone tunnel, near the site of initial fixation with the
tie-over-post technique. However, at 24 weeks, the graft-
fibrocartilage transitional zone was observed at the intra-
articular exit site of the graft. This simulated the native
ACL-ligament-bone [AQ: 7] junction. However, there was
no histological study performed between 12 and 24 weeks
Figure 2. Representative images of the graft-bone interface (IF) at (A, B) 3 weeks, (C, D) 6 weeks, and (E, F) 9 weeks after surgery.
(A, B) The IF was filled with fibrovascular tissue and residual cement (clear arrows). (B) New bone was found surrounding the
residual cement in the IF in the strontium-enriched calcium phosphate cement (Sr-CPC) group (clear arrows). (C) Close apposition
of woven bone was observed in the calcium phosphate cement (CPC)–treated limbs at 6 weeks. (D) The early formation of Shar-
pey fibers (solid arrows) and a cluster of chondrocyte-like cells (clear arrow) were observed in the Sr-CPC–treated limbs at 6
weeks. (E) The formation of Sharpey-like fibers and chondrocyte-like cells (clear arrow) were noted in a few portions of the IF
in the CPC group at 9 weeks [AQ: 4]. (F) Sharpey fibers (black arrows) were found in the majority of the tendon-bone interface,
perpendicularly connecting the graft to the bone tunnel wall. Hematoxylin and eosin staining (3100).
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Figure 3. Representative images of the graft-bone interface at 12 weeks after surgery. (A) Ultra low–power image of the graft-
bone component of a calcium phosphate cement (CPC)–treated limb. Hematoxylin and eosin (H&E) staining. (B) Ultra low–power
image of the graft-bone component of a strontium-enriched calcium phosphate cement (Sr-CPC)–treated limb. H&E staining. (C)
High-power image of the rectangular area in A. H&E staining (3100). (D) High-power image of the rectangular area in B. Safranin O
staining (3100). (E) High-power image of the rectangular area in B. H&E staining (3100). Arrows indicate Sharpey fibers. FC,
fibrocartilage.
Figure 4. Representative images of the graft-bone interface at 24 weeks after surgery. (A) Ultra low–power image of the graft-
bone component of a calcium phosphate cement (CPC)–treated limb. Safranin O staining. (B) Ultra low–power image of the
graft-bone component of a strontium-enriched calcium phosphate cement (Sr-CPC)–treated limb. Safranin O staining. (C)
High-power image of the rectangular area in A. Safranin O staining (3100). (D) High-power image of the rectangular area in B.
Hematoxylin and eosin staining (3100). (E) High-power image of the rectangular area in B. Safranin O staining (3100). Arrows
in D indicate the mineralization line. FC, fibrocartilage. Arrows in D, cement line [AQ: 5].
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after the index operation; thus, it is not known what hap-
pened with the healing process during this period. Further
studies are needed to clarify this.
There are several limitations to this study. First, in
total, 15 rabbits were used, and the sample size was rela-
tively small. However, the utilization of 1-stage sequential
bilateral ACL reconstruction made a direct comparison
possible between the Sr-CPC group and CPC group in
a specific animal. Furthermore, a histomorphometric
examination provided additional evidence to allow a quan-
tified comparison of the groups.
Second, biomechanical properties of the graft-bone com-
ponent were not studied. We did not know whether the
improved and accelerated histological maturity of the
graft-bone interface in the Sr-CPC group at 3 to 12 weeks
led to better biomechanical outcomes as compared with the
CPC group. In addition, although a direct type of insertion
was found at 24 weeks after surgery, it was not made clear
whether this resembled the normal biomechanical proper-
ties of a native ACL’s direct enthesis [AQ: 8].
Third, the cellular mechanism by which strontium
accelerates graft healing within the bone tunnel is still
unknown. It was observed that there is accelerated new
bone formation within the gap between the graft and the
bone tunnel, and it was also observed that there was an
earlier appearance of indirect healing, which is character-
ized by the formation of Sharpey fibers at the graft-bone
interface in the Sr-CPC group as compared with the CPC
group. The local application of strontium may lead to
enhanced new bone formation in the initial gap between
the graft and the bone tunnel because of its dual anabolic
and anticatabolic effects on bone remodeling. However, it
is not known whether strontium exerts a direct effect on
the formation of Sharpey fibers, leading to an earlier for-
mation of Sharpey fibers in the Sr-CPC group at 6 weeks
after surgery, or the earlier formation of Sharpey fibers
is associated with enhanced new bone formation at an
early healing stage [AQ: 9].
Fourth, although the current study provides evidence
for accelerated healing of the graft within the bone tunnel
using Sr-CPC, the histological change that occurred in the
intra-articular portion of the graft was not studied. Thus, it
is not known at this juncture whether it will be accompa-
nied by an acceleration of ligamentization of the midsub-
stance of the intra-articular portion of the graft. Further
studies are needed to investigate the histological changes
in the intra-articular portion of the graft after the treat-
ment of Sr-CPC.
Fifth, despite the current study’s focus on biological
healing of the graft within the bone tunnel, one should
be aware that there are many possible reasons for the
observed failure of ACL reconstruction in clinical practice.
These include incorrect tunnel positioning, suboptimal
hardware fixation, technical errors during surgery, graft
impingement, concomitant collateral ligament laxity, pre-
mature return to sport, repeated trauma, and problems
in graft ligamentization.
Finally, although this study showed that the local appli-
cation of strontium in a CPC system accelerated healing of
soft tissue tendon grafts within the bone tunnels in an
animal model of ACL reconstruction, whether the results
of this basic science study can be extrapolated to clinical
practice is unanswered at the present moment. The overall
anabolic and anticatabolic effects of strontium need to be
further evaluated in clinical models. A randomized con-
trolled trial comparing ACL reconstruction using
Sr-CPC–coated soft tissue tendon grafts (eg, quadrupled
hamstring grafts) and conventional ACL reconstruction
using soft tissue tendon grafts in collegiate or professional
players will help to provide answers to this question. As
the CPC system is injectable, the clinical application of
strontium to the graft-bone interface can be achieved by
local injections of Sr-CPC through specific devices. This
is technically possible in arthroscopic assisted ACL recon-
struction in clinical practice. The overall anabolic and anti-
catabolic effects of strontium on the bone tunnel can be
assessed by quantitative computed tomography performed
at 3 and 6 months after the index operation. Healing of the
graft within the bone tunnel and ligamentization of the
intra-articular portion of the graft can be assessed by inter-
val magnetic resonance imaging performed at 3 months, 6
months, 9 months, and 1 year to provide data on the over-
all recovery time.
CONCLUSION
In the present study, healing of the Sr-CPC–treated soft
tissue tendon allografts within the bone tunnel in a rabbit
model of ACL reconstruction was found to be faster than
that in the CPC-treated grafts up to 12 weeks after
surgery.
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